Nonlinear resonant ultrasound spectroscopy ͑NRUS͒ is a resonance-based technique exploiting the significant nonlinear behavior of damaged materials. In NRUS, the resonant frequency͑ies͒ of an object is studied as a function of the excitation level. As the excitation level increases, the elastic nonlinearity is manifest by a shift in the resonance frequency. This study shows the feasibility of this technique for application to damage assessment in bone. Two samples of bovine cortical bone were subjected to progressive damage induced by application of mechanical cycling. Before cycling commenced, and at each step in the cycling process, NRUS was applied for damage assessment. For independent assessment of damage, high-energy x-ray computed tomography imaging was performed but was only useful in identifying the prominent cracks. As the integral quantity of damage increased, NRUS revealed a corresponding increase in the nonlinear response. The measured change in nonlinear response is much more sensitive than the change in linear modulus. The results suggest that NRUS could be a potential tool for micro-damage assessment in bone. Further work must be carried out for a better understanding of the physical nature of damaged bone and for the ultimate goal of the challenging in vivo implementation of the technique.
I. INTRODUCTION
The diagnosis of bone fragility is currently obtained through the measurement of bone mineral density ͑BMD͒ obtained from x-ray densitometric techniques.
1 BMD is well known as a good predictor of bone strength 2 and is considered to be the best clinical technique for fracture risk prediction. 1 Other structural or material bone characteristics have been recognized as independent predictors of bone strength. Microdamage in bone is such a factor and strength degradation due to damage accumulation is of major clinical importance. Several studies have revealed a strong correlation between micro-damage and bone fragility, suggesting the importance of micro-damage assessment. 3, 4 However, in vivo micro-damage has remained relatively poorly documented due to the lack of noninvasive techniques for its assessment.
Micro-damage is induced in vivo in bone by daily cyclic loading. This fatigue damage is considered to be one of the factors controlling the local stimulus for bone turnover, and the resulting remodeling results in repair of the resulting fatigue damage. 3 When an imbalance takes place in the remodeling process, micro-damage accumulates as micro-cracks, 3, 5 with typical dimension of 5 to 400 m. Osteoporotic bones are more micro-damaged than healthy bones. 6 It has been shown that fracture risk and correspondingly micro-crack density increases exponentially with age, with a higher rate for women than for men. [7] [8] [9] Fatigue damage has consequences on bone mechanical properties. It has been demonstrated that micro-damage accumulation coincides with a decrease of bone toughness 4 or stiffness. 10 Moreover, some data suggest a negative exponential relationship between bone strength and micro-crack density. 5 These results suggest that micro-damage accumulation and bone fragility are related. In vivo micro-damage assessment could therefore provide important information regarding skeletal status and fracture risk. To date, two techniques are used for the assessment of fatigue damage in bone: histological measures of damage accumulation using staining techniques 11, 12 and optical techniques such as micro-computed tomography. However, both are limited to the measurement of in vitro specimens. Indeed, dimensions of micro-cracks in bone ͑5 to 400 m͒ 13, 14 are such that the resolution needed for the imaging devices to detect them requires very high energy levels, difficult and dangerous to apply in vivo. It is therefore crucial to develop a damage assessment technique that could be used in vivo.
Accumulation of damage in bone leads to a stress-strain behavior that is correspondingly more nonlinear than in healthy bone. 15, 16 In other words, as fatigue damage accumulates in bone, the stress-strain curve exhibits an increasingly pronounced bend and an increased hysteresis 17 ͓Fig. 1͑a͔͒, which may be a manifestation of a softening of the bone, due to a larger crack density. As damage level increases the corresponding nonlinear dynamical behavior manifests itself as a larger decrease in the resonance frequency for a given wave amplitude ͓Fig. 1͑b͔͒. The decrease in resonance frequency corresponds to a decrease in modulus and wave speed. We hypothesize that the nonlinearity in the stressstrain relation may be exploited in the assessment of damage in bone as it has been elsewhere. Indeed, it is now well known that damaged materials, as well as consolidated and unconsolidated inhomogeneous materials, display a characteristic, elastic-nonlinear behavior, termed simultaneously "nonlinear mesoscopic," "nonclassical nonlinear," "nonequilibrium," and "anomalous" behavior. [18] [19] [20] From empirical evidence it is clear that micro-cracks in materials are responsible for the enhanced nonlinear response, acting as an ensemble of soft inclusions in a rigid matrix. This is referred to as the "hard/soft" paradigm of nonclassical nonlinear materials. 18, 21, 22 This is the reason why nonlinear elastic wave techniques are in development for nondestructive evaluation ͑NDE͒ and damage assessment in a very large group of materials. Nonlinear resonant ultrasound spectroscopy ͑NRUS͒ is one of those techniques and has proved to be valuable for damage detection because of its high sensitivity. 18, 20, 23, 24 It is important to note that, while nonlinear methods are extremely sensitive to the presence of damage, we have no quantitative link between damage quantity and nonlinear response, although significant effort is being directed to this issue. Currently, empirical relations can be derived for specific materials providing the means to infer damage quantity from nonlinear response. The objective of this study was to explore for the first time the potential of nonlinear resonant ultrasound spectroscopy to assess progressively induced bone damage.
II. THEORY
Recent, careful studies carried out on rock under wellcontrolled conditions ͑constant temperature and in an atmosphere of nitrogen gas͒ 25 showed that, at low strains, "nonclassical" materials behave classically, exhibiting Duffing oscillator behavior ͑a perturbation expansion of the stressstrain describing nonlinear dynamics 26 ͒. Above strains of roughly 10 −6 , it is currently thought that macro-and microcracks, as soft mesoscopic structural features in a rigid matrix, are responsible for a characteristic nonlinear response related to the presence of strain memory and hysteresis in the stress-strain relation, the equation of state ͑EOS͒. Although the underlying physical mechanisms are not well understood, Guyer and McCall proposed a phenomenological description of these nonlinear effects, 21, 27 considering the material as an ensemble of individual elastic units, some hysteretic and some not. In damaged bone, micro-cracks could play the role of these hysteretic units. The individual hysteretic units are recorded in the Preisach-Mayergoyz space ͑PM space͒, which provides the means to track the behavior of the ensemble of hysteretic units for a given stress history applied to the material. A one-dimensional EOS can be derived from the density of hysteretic units in PM space, 27 = ͵ K͑, ͒d,
͑1͒
where is stress, is strain, is the strain rate, and K is the elastic modulus of the material,
where K 0 is the linear modulus, is the strain and ␣ is the hysteretic nonlinear parameter that depends on the strain derivative due to the hysteresis. The corresponding wave equation expresses the driving force for the local displacement as a function of the strain,
where ü is the particle acceleration, is the material density, and ⌬ is the average strain over a wave cycle. The nonlinear parameters ␤ and ␦ describe the classical nonlinear terms due to standard anharmonicity, although the material damage contributes to these terms in nonlinear mesoscopic materials.
The hysteretic nonlinear parameter in the model, ␣, dominates the nonlinear behavior at large drive strains as noted above and it is relatively straightforward to track its behavior as the sample is progressively damaged and becomes more elastically nonlinear. 20, 28 This phenomenon can be understood as a softening of the material when the excitation level increases, which becomes more pronounced with accumulated damage. It can be shown from Eq. ͑3͒ that
where f is the linear resonance frequency and f 0 is the resonance frequency at the lowest ͑linear͒ drive level 23 for a given resonance mode. Thus from the frequency shift as a function of strain, we can extract ␣. As noted, there is no quantitative relationship between ␣ and damage as yet; however, much empirical evidence shows a clear link. [18] [19] [20] [21] [22] [23] The model is functional for our purposes here, but we note that, in its original formulation, it does not account for "slow dynamics," the recovery process that occurs in these materials after large amplitude wave excitation, nor for the process of "conditioning," strain-memory that takes place during application of NRUS.
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III. EXPERIMENTAL PROCEDURE
A. Samples
The study was carried out on two bovine femur specimens. After removing soft tissue and marrow, the samples were soaked in a 2% saline solution with a dish degreaser and wrapped in gauze in order to keep them hydrated during the experiment. The samples were machined frozen in a lathe in order to obtain flat and parallel surfaces at the sample ends for transducer placement. The two samples ͑termed B1 and B2͒ had a tubular shape, with an approximate wall thickness of 8 and 11 mm, respectively, and an approximate diameter of 49 and 46 mm, respectively. Both samples were 116 mm long. They were cut in the central part of the diaphyseal shaft and were approximately symmetrical compared to the midshaft line ͑see Fig. 2͒ .
B. Fatigue
A progressive damage experiment was carried out in 11 steps ͑termed here steps 0 to 10, step 0 corresponding to the intact sample͒. The samples were progressively damaged by compressional fatigue cycling in an INSTRON 5569 press. For the first eight cycling sessions, the samples were cycled 60 times, to a maximum stress of 15 Mpa at a rate of 30 Mpa/ min ͑about 1 h cycling͒. For the last two sessions, they were cycled 80 times to a maximum stress of 25 Mpa at a rate of 40 Mpa/ min ͑about 1 h 40 min cycling, see Fig. 3͒ .
C. Nonlinear resonant ultrasound spectroscopy "NRUS…
At each damage step, NRUS experiments were performed on the samples, using a resonant ultrasound spectroscopy device ͑Dynamic Resonance Systems, Inc., Powell, WY, USA͒. Each sample was probed using a step-sweep in frequency around a resonance mode of the sample. The modal peak frequency was determined, and the process was repeated at gradually increasing drive levels. The experimental setup used for the NRUS is shown in Fig. 4 . To obtain large wave amplitudes, a resonator was constructed using a large piezoelectric transducer ͑77-mm diameter, 6-mm thickness͒ mounted with epoxy to a thick, 5180 steel backload ͑77-mm diameter, 51-mm thickness͒. The source was coupled to the specimens by application of phenyl salicylate. The source produced the desired large amplitudes; however, because of the coupled resonators ͑backload and bone sample͒, the measured resonance spectrum was complex. Therefore modeling was carried out in order to determine which resonance modes would provide information related to the bone sample rather than the backload, and thus be relevant for the NRUS experiment. The analytical model was 
, mimicking the actual setup. Displacement at the bottom of the backload was fixed to zero ͑the backload was considered to be sitting on a rigid substrate͒ and the extremity of the bone was considered free. The simulation showed that the 42-kHz peak corresponded to a resonance mode of the bone sample and was well separated from adjacent modes. This resonance mode was selected for further study because the separation allows one to analyze the resonance frequency peak shift without overlap of adjacent peaks ͑which can influence the location and width of the peak͒.
Particle velocities related to the longitudinal displacement at the top, and the radial displacement on the side of the bone sample were measured using a laser vibrometer ͑Poly-tec OFV 3001 with the OFV 303 Sensor Head͒. Small pieces of aluminum foil were glued to the samples tops and sides in order to increase the reflectivity of the laser vibrometer and thereby increase the signal-to-noise ratio. Longitudinal dynamic strain amplitude L is calculated from the measured particle velocity, L = ‫ץ‬u / ‫ץ‬x = u / 2fL, where f is the frequency and L is the length of the sample ͑116 mm͒. Radial strain is related by Poisson's ratio, meaning it is approximately L / 4.
Linear resonance has a long history of development and application for measurement of wave velocity and attenuation. For instance, Bolef and colleagues developed standing wave resonance techniques applying nonlinear ͑electronic͒ mixing to determine the wave velocity in materials. 29, 30 Starting in the 1980s, the resonant ultrasound spectroscopy ͑RUS͒ technique was introduced to measure the full elastic tensor of solids. 31 The NRUS technique presented here is the extension of those two experimental methods to nonlinear elasticity, where the resonance ͑spectral͒ peak is used to extract the material nonlinear parameter and could potentially be used to extract the nonlinear parameter tensor.
D. Computed tomography "CT… imaging
High-energy x-ray, three-dimensional computed tomography ͑CT͒ was performed ͑x-ray cabinet model FCT-2252 with a 225 kV micro-focus source, Hytec Inc, Los Alamos, NM, USA͒, in order to have an independent assessment of damage in the samples. CT images were reconstructed with a pixel size of 127 m. This resolution only allowed us to detect the larger cracks. CT imaging experiments were carried out for steps 0, 1, 2, 3, 4, 5, 6, 8, and 10.
IV. RESULTS
For each damage step, the resonance curves around 42 kHz were measured for increasing amplitudes of the drive level. Figure 5 shows an example of resonance curves, obtained by measuring the radial velocity close to the top of sample B1, and corresponding CT images, for damage steps 0 and 9.
As drive level increased, a shift in the resonance frequency could be observed at all damage steps. The resonant peak shift was, however, more significant in the progressively damaged stages ͓Fig. 5͑b͔͒ than in the undamaged sample ͓Fig. 5͑a͔͒. ␣ was then extracted according to Eq. ͑3͒. Figure 6 illustrates the behavior of the frequency shift as a function of average strain for samples B1 ͓Fig. 6͑a͔͒ and B2 ͓Fig. 6͑b͔͒. Each curve corresponds to a damage step. Some of the steps were eliminated due to poor experimental conditions ͑poor coupling primarily͒. The slope of the curves is very close to one for all steps and both samples, as the theory predicts ͑sample B1: mean= 0.99, standard deviation = 0.02, range= 0.95-1; sample B2: mean= 1.01, standard deviation= 0.02, range= 0.99-1.03͒.
As the amount of damage increases in the samples, the curves shift upward in the frequency-strain space, indicating an increased nonlinear signature meaning there is more frequency shift for the same strain interval. Figure 7 shows the behavior of the speed of sound in the samples ͑derived from the linear resonance frequency f 0 at each step͒ and the nonlinear parameter ␣ as a function of damage step for the two samples. As damage accumulates, the speed of sound c ͑c = f 0 where f 0 is the linear resonance frequency and is the wavelength͒ is almost constant ͑al-though a slight decrease can be observed in sample B2 when damage increases͒. On the other hand, ␣ dramatically increases with the accumulated damage but its behavior is not the same for the two samples. In B1, the increase of ␣ is almost linear ͑␣ Ϸ 1.17#step+ 0.86͒ whereas the behavior in B2 is fit by a higher-order polynomial function ͑␣ Ϸ 0.05#step 3 − 0.56#step 2 + 2.13#step− 0.96͒. The different dependencies indicate that cumulative damage was not the same for the same quantity of cycling. The difference between linear and nonlinear measurements is remarkable. 
V. DISCUSSION
The primary purpose of this work was to demonstrate for the first time the feasibility of nonlinear resonant ultrasound spectroscopy techniques to detect progressive damage in bone. This was accomplished in a progressive damage experiment, in which the NRUS technique provided the means to characterize damage in bone via the nonlinear hysteretic parameter ␣. Figure 5 indicates that a small resonance frequency shift occurs in the "intact" sample. This result was expected, considering the fact that intact, healthy bone contains continually healing micro-cracks and remodeling as noted in the Introduction. Moreover, intact bone by itself could be classified as a nonlinear mesoscopic elastic material, because of its heterogeneous mesoscopic structure. As noted above, the ␣ parameter measured in this study reflects damage accumulation, or relative damage, rather than an absolute quantity of damage. This has been demonstrated in numerous other materials as well.
A. Resonance curves, hysteretic behavior
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B. Imaging
In order to have an independent assessment of the damage mechanically induced in the samples, CT imaging was performed at different damage steps. Images of the same slice of sample B1 are shown in Fig. 5 . Some cracks are visible in Fig. 5͑b͒ ͑damage step 9 in sample B1͒ that are not present in the intact sample ͓Fig. 5͑a͒, damage step #0 in sample B1͔. The resolution of the images ͑the pixel size is 127 m͒ does not allow for a quantification of microdamage since micro-cracks lengths in bone are in a range of 5 to 400 m. Higher resolution imaging methods are required for comparative quantification. Figure 5 shows a change in the wave dissipation, reflected by the fact that the curves obtained during progressive damage cycling are broader than the curves obtained from the "intact" state. A measure of the wave dissipation, given by the Q of the material, has been shown to be very useful for assessing nonclassical behavior, and thus the relative quantity of damage in a material. 22 Unfortunately, we were unable to exploit the Q observations because of inconsistent results. We suspect that the aluminium foil ͑glued on the sample to increase reflectivity for the laser vibrometer͒ was not always bonded properly to the sample, and that additional vibration of the foil could have influenced the width of some of the resonance curves ͑although not the frequency͒. It is also possible inconsistencies in the source bonding at each step influenced the Q.
C. Wave dissipation
D. Anisotropy
Changing the orientation of the laser vibrometer provided the means to measure two different velocities: the longitudinal particle velocity, measured on the top of the sample, and the radial particle velocity, measured on the side of the sample. The results presented in this paper only employed the radial velocity. Indeed, no consistent result could be found with the longitudinal particle velocity. Damage formed under compressive loads applied along the longitudinal bone axis has consistently been associated with the appearance of oblique shear cracks. 32 One possible interpretation to our results is that the effect of damage on mechanical properties is anisotropic and that the particle velocity in one direction ͑e.g., longitudinal͒ is less sensitive than in the other FIG. 6 . Resonance frequency shift as a function of strain in log-log space. As damage increases, the curves are translated towards the top of the space, reflecting an increasing nonlinear parameter.
FIG. 7.
Nonlinear parameter ␣ ͑squares͒ and velocity ͑triangles͒ normalized to the nonlinear parameter and velocity for the "intact" sample, as a function of damage step in the two samples ͑left: sample B1, right: sample B2͒. direction ͑e.g., radial͒. An intensive modeling effort must be conducted, along with additional experiments, to understand this phenomenon. Figure 6 shows the behavior of the frequency shift as a function of the maximum amplitude strain for each damage step. The slopes of all the curves are about 1, for the two samples. This result is predicted by the theory. Indeed, Eq. ͑3͒ implies a linear relation between ⌬f and ⌬. As damage is induced in the samples, the curves move upward in ⌬f / f 0 -strain-space, indicating an increasing nonlinear hysteretic parameter.
E. Nonlinear hysteretic parameter
The behavior of ␣ and the speed of sound as a function of damage is illustrated in Fig. 7 . The result is impressive: clearly, the nonlinear parameter ␣ measured by NRUS is much more sensitive to damage than the speed of sound, related to the Young's modulus of the material which stays nearly constant during the entire progressive damage experiment ͑only a very slight decrease is observable for sample B2͒. ␣ begins to increase at the first damage step, even though damage is not yet discernable on the x-ray CT images. To date, quantitative ultrasound ͑QUS͒ techniques give access to parameters such as speed of sound ͑SOS͒ and attenuation in bone. These parameters being mainly related to bone mineral density ͑BMD͒ have already proved their efficacy in the assessment of fracture risk. 33, 34 A recent experimental study reported the failure of SOS and attenuation to reflect mechanically induced damages in cancellous bone. 35 This observation is also supported by our results, showing that NRUS actually allows for micro-damage detection in bone with a sensitivity much higher than that of SOS.
For sample B1, the relation between ␣ and the number of damage steps is almost linear whereas a third-order polynomial fits the data from sample B2. This may be related to the fact that damage did not occur in the same manner in the two samples, even though they were both cycled following an identical protocol. The two samples may not have been in the same damage state at step 0, or perhaps we are seeing an indication of the natural variability of how bone responds to induced damage. An independent quantitative evaluation of micro-damage ͑higher resolution imaging like micro-CT for example͒ would have been useful here to determine a semiquantitative relation between the measured nonlinear parameter ␣ and micro-damage. This will be done in future work. The other limitation of this study is the small number of data points. Indeed, the number of damage steps is not sufficient to correctly understand the shape of the curves shown in Fig.  7 . In any case, the trend is clearly demonstrated in this work: there is a strong relation between micro-damage and the nonlinear hysteretic parameter ␣. We are currently conducting a study using a large number of human bone samples, with a larger number of damage steps.
A number of challenging difficulties have to be considered before the technique can be applied noninvasively, in vivo. Among them are bone excitation by means of an external mechanical vibration and recording the vibration by means of a remote sensor. Vibro-acoustic spectrography using the acoustic radiation force as an external source and a hydrophone as a remote sensor might be a tempting solution. 36 Other important factors to be considered will be the relation of bone to other organs ͑joint, tendons͒ and the influence of soft tissue surrounding bone that are likely to significantly change the resonance characteristics.
VI. CONCLUSIONS
This is the first study showing the feasibility of nonlinear resonant ultrasound spectroscopy to detect damage in bone. A progressive damage experiment has been conducted on two samples of bovine bone. The increasing amount of damage mechanically induced in the sample leads to an increased shift in the resonance frequency with wave amplitude, indicating a progressively more nonlinear behavior of the sample as the sample damage accumulates. This study allowed for the determination of a parameter relevant for bone damage assessment: the nonlinear hysteretic parameter, related to the resonance frequency shift. This work is a preliminary study and some aspects, such as the fact that only the radial displacement is sensitive to damage, are not well understood yet. For an accurate quantification of damage in human bone, the experiments must be repeated, with a larger number of data points. This work is in progress and will allow for the assessment of a quantitative relationship between bone micro-damage and the nonlinear hysteretic parameter. Further work will have to be carried on for the in vivo application of the technique to see if it may be viable as a diagnostic tool for skeletal status assessment.
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